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Abstract
Companies still concern about the impacts of the technologies of industry 4.0 in business processes. Hence, researchers
are trying to develop studies to improve the understanding related to new techniques, frameworks, and concepts in
order to support the implementation of industry 4.0. The aim of this paper is to perform a science mapping in the area
of process modelling for industry 4.0 in order to get a holistic observation through the evolution structure of the field
of study, pointing the main challenges, trends and suggestions for future works. To perform this science mapping, the
SciMAT was used. Moreover, the VOSviewer was used to analyze co-authorship between authors. The scientific
evolution presented 17 clusters in which the most representative themes are: 'design', 'framework' and ‘cloud
computing’. Besides, the intellectual structure of motor themes is presented as well as the main challenges, trends and
suggestions for future researches.
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1. Introduction

The concept of industry 4.0 that emerged in Germany in 2011 as a technological strategy (Bauer 2015;
Tortorella et al. 2020) is projected to grow by $ 310 billion until 2023, and is expected to bring emerging technologies
to 60% of global companies, driving the development of new services and tasks in organizations (Kumar and Iyer
2019) and transforming the business and manufacuring processes (Cobo et al. 2018). These changes highlight the need
for interconnectivity and interoperability (Tidrea et al. 2019) to enable monitoring and control of operational processes
(Reis et al. 2018; Kipper et al. 2019a). The pursuit of such technological integrations has led countless companies to
redesign business processes as a strategy to get the maximum benefits of the digitalization (Fynes et al. 2015). Such
technological integrations reshape the workflow in pursuit of flexibility in the execution of processes (Seiger et al.
2015), creating the need for further studies in the development and management of products, services and processes
(De Oca et al. 2015; Kipper et al. 2019).

In this context, although there are several languages to model organizational processes, some stand out for
their ease of use or the possibility of representing different activities and tasks, such as: Business Process Model and
Notation (BPMN) (Arévalo et al. 2016; Zarour et al. 2019; Furstenau et al. 2019), Yet Another Workflow Language
(YAWL) (Van der Aalst and Ter Hofstede 2005; Alissa et al. 2018), Petri Nets (Zhou and Wu 2018; Ahmed and Majid
2019), Event-driven Process Chain (EPC) (Van der Aalst 1999; Amjad et al. 2018), Unified Modelling Language
(UML) (Rumbaugh et al. 2004; Smith et al. 2019; Smith and Owens 2019), among others. However, there are different
perspectives on the use of process modelling for industry 4.0. While some authors argue that traditional modelling
languages are incompatible with smart factories (Seiger et al. 2015), others develop extensions of these languages for
smart environments (Du et al. 2018; Cheng et al. 2019).

Several authors have been explored deep this field of research, such as: Dani et al. (2019) that reviewed 10
years of Visualization of Business Process Models, but they did not relate to industry 4.0; Savastano et al. (2019)
showed the impacts of digital transformation on industrial processes; Tupa et al. (2017) presented a review relating
Business Process Management and industry 4.0; and Wortmann et al. (2019) conducted a systematic mapping study
to understand the use of modelling languages in industry 4.0. However, no study performed an evolution structure of
the field of research. This paper presents a scientific mapping of the process modelling for industry 4.0 in order to get
a holistic observation through the evolution structure of the field of study, pointing the main challenges, trends and
suggestions for future works that may help professionals and researchers in understanding and implementing process
modelling for smart factories.

2. Methodology and Dataset

This work is characterized as a science mapping supported by the SCIMAT software developed by Cobo et
al. (2012), the criteria used in this study are presented as follow. For the type of documents we selected 'article' and
'review' of the Web of Science database, in English only, published since 2011, because the appearance of the Industry
4.0 concept (Kagermann et al. 2013). The search was carried out considering the following terms for industry 4.0:
(“industrie 4.0” OR “industry 4.0” OR “digital manufacturing” OR “smart manufacturing” OR “smarter
manufacturing” OR “intelligent factory” OR “smart production” OR “intelligent factories” OR “the fourth industrial
revolution” OR “the 4th industrial revolution” OR “smart factory” OR “smarter factories” OR “smart factories” OR
“factory of the future” OR “factories of the future ” OR “factory-of-things” OR “real-time manufacturing” OR “real-
time factory” OR “ubiquitous factories” OR “ubiquitous manufacturing” OR “ubiquitous factory”) used in the reviews
by Strozzi et al. (2017), Liao et al. (2017), Buer et al. (2018), Kipper et al. (2019) and Wortmann et al. (2019).
Regarding process modelling, the following terms were considered: (“modeling language” OR “modelling language”
OR “business process modelling” OR “model business process” OR “business process” OR “process model*” OR
“business process management” OR “workflow” OR “choreography” OR “orchestration”) mentioned in studies of
Alotaibi and Liu (2017), Pourmirza (2017), Wortmann et al. (2019) and Dani et al. (2019). The 91 articles exported
from the database were divided into 3 subperiods to create the thematic evolution of the area (2011 - 2015; 2016 -
2018; 2019 until 01/08/2020). Finally, keywords with the same meaning as ‘process modeling’ and ‘process
modelling” were grouped. In addition, the keywords used to search the databases were removed, as we wanted to find
unknown concepts. The steps of the scientific mapping are presented in Figure 1 (for more information see Cobo et
al. (2012) and examples in Lopez-Robles (2019) and Kipper et al. (2019)). Besides, to generate the co-authorship
network we used the software VOSviewer developed by Waltman and Van Eck (2012).
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N
Data retrieval 91 documents exported from Web of Science.
\
\Z N
Preprocessing Keywords grouping, unnecessary information, corrections, etc.
\
\Z N
Network extraction Co-occurrence of keywords.
\
\Z N
Normalization Equivalence index.
\
\NZ N
Mapping Simple Center Algorithm.
\
\NZ N
Analysis Strategic diagrams, thematic analysis, evolution of themes
\
\NZ N
Visualization Structuring of the analyzes.
\
\NZ N
Interpretation Discussion of the generated data and completion of the interpretation.
\

Figure 1. Workflow of science mapping (Source: Adapted from Cobo et al. 2012).

3. Analysis of data and discussions

Figure 2 shows the number of publications of the process modelling for industry 4.0. It can be seen that in
the early years, few documents were identified relating the terms. In 2015, the growth of research in the area becomes
exponential, reaching 38 documents in 2019, while in 2020 4 related documents have already been identified due to
the data collection (01/08/2020). The significant increase in the number of researches relating to process modelling
and industry 4.0 highlights the growing concern with the theme and its importance in the era of the fourth industrial
revolution.
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Figure 2. Number of publications over time (2011 —2020).

Figure 3 shows the journals that publish studies relating process modelling for industry 4.0. The International
Journal of Advanced Manufacturing Technology and IEEE Access are the journal that has the largest number of
publications, followed by Robotics and Computer-Integrated Manufacturing, Proceedings of the institution of
mechanical engineers part B-Journal of Engineering Manufacturing and International Journal of Computer Integrated
Manufacturing. Nevertheless, the journal with the highest SCImago Journal Rank (SJR) is Robotics and Computer-
Integrated Manufacturing with 1.41. The SJR indicates the journal's scientific impact factor (Falagas et al. 2008).
Publications in such journals, whose scientific impacts (SJR) are high, demonstrate the importance and necessity of
studies related to the field of research.
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Figure 3. Journals that publish studies to industry 4.0 related with process modelling (Source: Scimago and

Int. Journal of Advanced Manufacturing Technology |5
IEEE Access I5

Robotics and Computer-Integrated Manufacturing | 4

Proceedings of the institution of mechanical engineers. .. | 4

IInt. Journal of Computer Integrated Manufacturing | 4

Int. Journal of Production Research ] 3

Sustainability | 2

Smart and Sustainable Manufacturing Systems | 2

0 1 2 3 4 5
SciMAT).

In Figure 4 is presented the co-authorship network of authors. It is possible to identify that Zhang, Xu and
Marrela have the largest amount of scientific production and they are key researchers for the field of study. Besides,
there are other more uniform networks such as Cala, Zobel-Roos, Qu, among others. However, these networks are
still young because the network of authors do not yet relate to other networks, which presents a future need to develop
the field of study of process modelling for industry 4.0.
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Figure 4. Co-authorship network of authors.

4. Analysis and discussion of the strategic diagrams

Process modelling in intelligent environments appeared for the first time in the literature in 2011, when Zhang
et al. (2011) discuss real-time manufacturing applications through a smart objects gateway to model, integrate and
manage intelligent applications on the shop floor in real time. Later, Duro-royo et al. (2015) propose a new workflow
for direct additive manufacturing in heterogeneous structures, integrating physical and virtual data for monitoring and
controlling materials and data in real time. Between 2011 and 2015 few documents present studies that relate process
modelling and industry 4.0. In the first subperiod (Figure 5.a), the term ‘optimization’ stands out as a driving theme
due to its greater centrality and strong density. Works related to this cluster present an overview of new technologies
for simulation, optimization and automation of processes in computer numerical control (Li et al. 2015), and Menascé
et al. (2015) present an autonomic framework to map processes and predict variables such as machine usage, energy
consumption and manufacturing times in smart factory processes.
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Figure 5. Strategic diagrams (2011-2020) (Source: SciMAT).

In the second subperiod (2016 — 2018) (Figure 5.b) the term 'design' stands out for its high density and strong
centrality. In this cluster, the work of Yang et al. (2018) describes a meta-model that considers information from the
manufacturing process supported by Unified Modelling Language, while Moghaddam and Nof (2018) present a
framework for Cloud Manufacturing systems for better integration of services and manufacturing components in
collaborative network. In this subperiod, Xu et al. (2018) reiterate that the integration between different process models
to manage workflows in industry 4.0 has received little attention, strengthening the need for studies that seek to
integrate heterogeneous models for intelligent environments. Still in this subperiod, the term 'architecture' is again
discussed through works that proposes a business process management system (BPMS) extended to deal with
uncertain processes (Saraeian et al. 2018). Garcia et al. (2018) combine UML and IEC-61499 to assist in the control
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of industrial processes, while Nagadi et al. (2018) propose a hybrid simulation-based structure for intelligent
manufacturing systems.

In the third subperiod (2019 — 2020) (Figure 5.c), with strong centrality and high density, studies related to
the ‘framework’ cluster present proposals aimed at implementing emerging technologies. Qu et al. (2019) suggest a
framework based on Business Process Reengineering to improve the organization's Enterprise information system and
business process management, while Barenji et al. (2019) present a framework for cyber-physical systems based on
UML. Viriyasitavat et al. (2019) study emerging technologies to development of BPM (business process management)
tools in the digital economy, and Cheng et al. (2019) present an extension of the BPMN for modelling and implanting
sensors. In this subperiod, the ‘cloud-computing’ cluster is mainly related to the deployment of cloud computing and
its integration with other technologies, as can be seen in the work of Ardito et al. (2019) and Cui et al. (2020). Other
works in this subperiod focus on the sustainable side of industry 4.0 processes (Sénéchal and Trentesaux 2019; Raut
et al. 2019) and on the adoption of other emerging technologies (Lee et al. 2019; Liu et al. 2019; Kamble et al. 2019).

5. Analysis of thematic areas

Figure 6 presents the thematic evolution of the field of research of process modelling for industry 4.0. It is
possible to observe in the first and second subperiod the strong development of the cluster ‘architecture’, which
demonstrates the efforts of researchers to carry out works that used process modelling in contexts of industry 4.0 for
real-time data collection (Zhang et al. 2011), help upper management implement and assess industry 4.0 (Nagadi et
al. 2018), and enhance decision-making (Saraeian et al. 2018). The ‘framework’ cluster in the third subperiod
represents a higher level of maturity in the process modelling field and its importance for the development of smart
factories, as according to Kipper et al. (2019) the implementation of industry 4.0 in organizations has as one of the
main challenges the development of frameworks in order to help managers to implement new technologies. The
appearance of the cluster ‘management’ and its co-occurrence with the ‘cloud-computing’ and ‘optimization’
demonstrates efforts to optimize the management of organizational processes using cloud computing. In addition, the
'SME' cluster presents research efforts to develop process modelling not only at big companies, but also in small and
medium enterprises (Rodi¢ 2017), which are the kind of companies that suffer the most to implement industry 4.0
technologies, not only because of the lack of formalized processes, but also due to the low-cost systems implemented
as well as lack of ICT knowledge (Dassisti et al. 2019).
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Figure 6. Thematic areas (Source: SCIMAT).

The motor themes of the last subperiod shows the relationship between other important themes (Figure 7).
The studies that discuss design (a) are related to interoperability, modelling, quality, support and sustainability, among
others. Cloud-computing (b) in sequence is discussed together with other technologies, such as Internet of Things, Big
Data and Big Data Analytics, but it is also related to life cycle, management and service, among other related terms.
The cluster framework (c) meets the mentioned works, showing relationships with cyber-physical systems,
performance, systems and technology, also having a bias with innovation, time, challenges and future, among others.
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a) b) c)
Figure 7 - Intellectual structure of motor themes from 2019 - 2020.

6. Main challenges, perspectives and future research

The process modelling thematic is fragmented in different works, with a little uniformity in concepts and
divergent opinions on the use of traditional modelling languages. Some authors argue that traditional languages do
not meet the requirements imposed by digital transformation (Seiger et al. 2015) and studies should seek to incorporate
heterogeneous models into a common structure to integrate workflow management systems and industry 4.0 (Xu et
al. 2018). Other authors developed adaptations and extensions in modelling languages, as it can see at studies of Du
et al. (2018) and Cheng et al. (2019). Therefore, the need of further studies arises for a better understanding of the
process modelling languages used to represent the complex processes of intelligent factories (Xu et al. 2018). In
addition, Hwang et al. (2017), Kumar et al. (2018) and Kipper et al. (2019) point out the need for studies related to
impacts and changes in organizational processes due to the insertion of industry 4.0 technologies.

While well-modelled, monitored and controlled processes reduce costs (Hammer 2015), on the other hand,
modelling problems have a tendency to cause serious errors and losses in organizational processes (Geiger et al. 2018),
highlighting the necessity for organizations to compromise to mapping and modelling their processes to become
intelligent factories (Savastano et al. 2019). Although the increasing number of professionals in this field (Turetken
and Demirors 2013), there is still a lack of modelers with deeper knowledge about the different modelling languages
(Rosemann 2006). These professionals are responsible to identify the language which best represents the processes of
the organization (Dani et al. 2019). Other difficulties are related to complex and varied notations, semantics and
modelling elements (Leopold et al. 2015). This difficulty for creation and comprehensibility of modelling represents
an error rate of around 20% in business practices related to process modelling (Dikici et al. 2018).

This work highlights the need for in-depth research to identify the process modelling languages that meet the
needs of the factories of the future. In this context, more surveys and case studies should be carried out in companies
that apply process modelling to understanding the applicability of these languages in smart environments. New
frameworks can develop extensions of current modelling, and new modelling languages must involve the dynamism
and parallelism of the factories of the future. Besides, more research must be performed in order develop the modelling
of intelligent processes in small and medium enterprises. Furthermore, the low number of documents demonstrates
the little maturity of the research field, highlighting the need for new and in-depth studies in the area to assist
organizations in the digital transformation.

7. Conclusion

The objective of this paper was to understand the evolution structure of process modelling for industry 4.0
with the support of SCIMAT and VOSviewer software. Through this research we identified current topics, authors in
the field, co-authorship of researchers, as well as the development of a map of the field of study, identifying productive
themes with great scientific impact and pointing the main challenges, perspectives and future research. The number
of publications are increasing considerably over the years. The scientific evolution presented 17 clusters whereby the
most representative themes are: 'design’, 'framework' and ‘cloud computing'. Few identified works use traditional
modelling languages in the context of the fourth industrial revolution. Most of the studies are aimed at developing
new frameworks or integrating languages with other techniques for mapping and modelling organizational processes.
The analysis of the clusters shows some of the challenges related to process modelling and implementation of
emerging technologies, and the concern with the design and development of frameworks that meet the needs of the
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fourth industrial revolution. This research is limited to analyzing only the Web of Science database. Only documents
articles and reviews in English were also used, although other documents may present relevant topics and research. In
addition, some studies may have been ignored, since the work linked to the most important clusters, which are
characterized as motor themes in the strategic diagrams, with the purpose of reducing the bias of the researchers on
the chosen works. Further works can be developed by analyzing databases such as Scopus, Science Direct, among
others. Future works can be performed in order to strengthening research networks between network of authors to
support the implementation of industry 4.0 in companies.
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